Take home message Mucilage secreted by roots and EPS produced by microorganisms alter the physical properties of the soil solution and impact the water dynamics in the rhizosphere. The high viscosity of mucilage and EPS is responsible for the formation of thin filaments and interconnected thin lamellae that span throughout the soil matrix maintaining the continuity of the liquid phase across the pore space even during severe drying. The impact of these mechanisms on plant and microorganisms needs to be explored.
Introduction
In a provoking paper entitled ''The Physics of Soil Water Physics'', Sposito (1986) challenged soil physicists claiming that the fundamental physics of water flow in soils had already been explained by Buckingham (1907) and Richards (1931) , and since then the achievements in soil physics mainly consisted in technical improvements, either experimental or numerical. Sposito's paper is a plea for researching the fundamental physics of water in soils. Since then, fundamental aspects of soil water physics have been clarified, including pore-scale mechanisms shaping the liquid phase in soils, the interplay between capillary, viscous, inertial and gravitational forces, and the definition of effective properties and upscaling methods [a comprehensive review of advancements and challenges in soil water physics is found for instance in Jury et al. (2011) ]. An area that still challenges our current understanding of the basic physics of soil water is that close to the root surface, the rhizosphere.
The rhizosphere is crossed by a vast water flux (ca. 40% of terrestrial precipitation; Bengough, 2012) and hosts a tremendous number of microorganisms (Philippot et al., 2013) , which together with the roots engineer the soil physical properties (Hallett et al., 2013) . Prominent among such engineering activity is the secretion of mucilage from the root tips, which changes key physical properties of the soil solution: it adsorbs water (McCully and Boyer, 1997) , it increases its viscosity and decreases its surface tension (Read and Gregory, 1997; Naveed et al., 2017) , affecting also the contact angle (Moradi et al., 2012; Zickenrott et al., 2016; Benard et al., 2017) . By changing these properties, mucilage brings into question well accepted paradigms, such as the fact that the soil water content should decrease towards the root surface (but it does not, as illustrated in Fig. 1a and proven in Moradi et al., 2011) and the concept that capillary forces together with the adsorption of water films on the soil particle surface determines the spatial configuration of the gas-liquid interface. Indeed, the high elongational viscosity of mucilage is responsible for the formation of stable filaments and 2D structures such as hollow cylinders, which are not predicted by existing concepts in soil physics, and that contribute to maintain the root surface physically connected to drying soils.
We review the peculiarity and challenges of the physics of rhizosphere water and discuss its possible implications for plant growth.
2 Physical framework of liquid spatial configuration in the rhizosphere
Three key physical properties of mucilage, namely viscosity, surface tension and water adsorption, affect the spatial configuration of water in the rhizosphere. As soils dry, mucilage becomes increasingly stiffer and its viscosity, rather than its surface tension, determines the spatial configuration of the liquid phase. The relative importance of viscosity over surface tension is elegantly described by the Ohnesorge number:
where μ is viscosity, ρ is density, σ is surface tension, and r is a characteristic length corresponding to the radius of the filament. The Ohnesorge number (Oh) was introduced by von Ohnesorge (1936) to study the breakup of liquid jets. It describes the dampening effects of viscosity on the motion caused by surface tension. Small Oh indicates that surface tension is the dominating force, while high Oh indicates great-er importance of viscous forces. Consider the capillary bridge formed by water between two soil particles. During drying the liquid bridge shrinks and its surface to volume ratio increases, i.e., its volume decreases more rapidly than its surface. Surface tension, which is the dominant force, opposes to this stretching, and as drying progresses it eventually causes the break up of the liquid bridge. In viscous liquids, such as mucilage and EPS, viscosity opposes to the stretching of the bridge and, eventually, it prevents its break-up. For instance, Castrejó n-Pita et al. (2012) showed that for Newtonian fluids filaments do not break if Oh > 1.
The Ohnesorge number explains the persistence of liquid filaments observed in drying soils mixed with mucilage ( Fig. 1b) . Mucilage viscosity increases with soil drying due to the increasing mucilage concentration in the liquid phase (dry weight of mucilage per volume of water). Extrapolating the viscosity and surface tension of maize mucilage measured by Read and Gregory (1997) , assuming a mucilage content of 0.1% (dry weight of mucilage per dry weight of soil), soil bulk density of 1.5 g cm -3 , and volumetric water content of 0.10, we obtained Oh 10, which shows the dominant role of viscosity over surface tension in mucilage thinning. It follows that the Young-Laplace equation, which is typically used to predict the drainage and breakup of capillary bridges in porous media, is not adequate to describe the spatial configuration of the liquid phase at the root-soil interface. Note that mucilage is a shear thinning liquid [i.e., its viscosity decreases with strain rate; Naveed et al. (2017)]. Additionally, the long polymers present in mucilage are likely to cause the elongational viscosity (which indicates the resistance to stretching) to be greater than the shear viscosity, so that Oh is likely to change with type and rate of deformation.
The formation of long filaments is not the only feature of mucilage in porous media. At increasing mucilage contents, these one-dimensional structures grow into larger bridges between soil particles. Benard et al. (2017) found that such bridges are actually hollow cylinders (Fig. 1c) , confirming former observations with polygalacturonic acid (PGA) (Albalasmeh and Ghezzehei, 2014) . The hollow cylinders form when the polymers can no longer be stretched by the receding meniscus of the liquid-gas interface. At this critical point, the polymers act as a solid matrix possibly holding water. The cylinders can be drained by air invasion across the space between the polymers (if they are not close enough) or by cavitation of the inner liquid. Note that the polymer concentration is higher at the liquid-air interface than in the inner liquid, because (1) polymers accumulate there as the air-liquid interface recedes and (2) they decrease the surface tension of the liquid solution. At higher mucilage content, the hollow cylinders merge into 2D interconnected lamellae that span throughout the pore space (Fig. 1d) . These 2D structures are the effect of the interconnection and extremely high extensional viscosity of the polymers and their mutual entanglement with the soil particles. As the liquid is drained, the polymer concentration in the liquid solution increases and the critical point when the polymers can no longer be stretched is reached at relatively high water content (Fig. 1d , right hand side) when the liquid phase is still connected. Further drying results in the shrinkage of the liquid towards the skeleton of the polymers, which maintain the connection of the liquid phase even upon severe drying.
In summary, the long polymers present in mucilage increase the extensional viscosity of the soil solution. When their concentration in the liquid phase increases above a critical value, the polymers can no longer be stretched. At low mucilage (polymer) content, this occurs at low water contents, with the liquid bridges converging into 1D isolate filaments which do 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.plant-soil.com (1)]. At high mucilage content, the filaments merge into quasi 2D structures, such as hollow cylinders and 2D lamellae that, during drying, create an additional matrix that holds water and that maintains the continuity of the liquid phase across the rhizosphere.
not break because of their high Ohnesorge number Oh. At higher mucilage content, the critical water content, when the polymers can no longer be stretched, increases and the liquid bridges between soil particles dry into 2D hollow cylinders. At even higher mucilage contents, the 2D structures merge into interconnected lamellae that span throughout the porous medium and maintain the liquid connectivity during drying.
Retention and transport properties of the rhizosphere
The effect of mucilage on the spatial configuration of the liquid phase impacts the retention and transport properties of the rhizosphere. During drying, mucilage polymers become increasingly viscous and do not move as fast as the receding water phase, thereby acting as an additional network increasing the water retention capacity and the connectivity of the liquid phase.
The hypothesis that mucilage can hold water against a negative water potential (such as the suction caused by root water uptake) had been initially rejected by McCully and Boyer (1997) , who found that mucilage lost most of its water at water potentials less negative than -10 kPa. However, they tested this hypothesis studying mucilage in isolation, where the polymers are relatively free to move. The fact that mucilage is in the soil increases the stiffness of its polymer network, therefore enhancing its capacity not to shrink when exposed to negative water potentials (somehow similar to the capacity of a spiderweb to resist deformation when connected to solid walls). We conclude that the retention capacity of mucilage emerges from the interactions and entanglement with the soil matrix. The enhanced capacity to retain water has been shown for mucilage analogue, such as chia seed mucilage (Kroener et al., 2018) , as well as for microbial EPS (Roberson and Firestone, 1992; Chenu, 1993; Rosenzweig et al., 2012) . This capacity has been used to explain the fact that the soil moisture increases towards the root surface during soil drying, as observed in wheat (Young, 1995) , maize, lupins, and chickpeas (Moradi et al., 2011) .
The viscous polymeric network of mucilage maintains the connectivity of the liquid phase during drying. This may sustain water flow and diffusion of solutes in drying soils. But, on the other hand, the increasing mucilage viscosity is likely to limit transport properties. Therefore, the effects of mucilage on flow and transport properties of unsaturated soils remain unclear. Kroener et al. (2018) showed that chia seed mucilage decreased the soil saturated hydraulic conductivity of soils of varying texture, but less is known about its impact on the unsaturated hydraulic conductivity. We expect that the relative unsaturated hydraulic conductivity (ratio between conductivity and saturated conductivity) drops more gradually when mucilage is present, as shown for soils embedded with EPS (Volk et al., 2016) , because of the maintained continuity of the liquid phase. But the question, whether mucilage does increase the hydraulic conductivity and diffusion coefficient in dry soils, remains open.
Impact on plant water and nutrient uptake
Despite the advancements in our understanding of mucilage properties, little is really known about mucilage's impact on plant water and nutrient uptake. We can expect that because of the enhanced continuity of the liquid phase, mucilage favours water and nutrient extraction from drying soils. However, there is no clear experimental proof of such effect.
Some reasons why we have not yet answered this question is that we do not know where mucilage is distributed across the rhizosphere and how its properties change over time due to abiotic (e.g., drying/wetting, shrinking/swelling) and biotic interactions; for instance, we do not know how mucilage interacts with microorganisms, which can degrade it but can also benefit from its physical structure, and which produce biofilms with analogue properties. Another open question is the genetic variability of mucilage secretion. It has been shown that mucilage viscosity and chemical composition differ among plant species (Naveed et al., 2017) and such variability has just started to be explored. In summary, the effects of mucilage and rhizosphere processes on the soil-root physical interactions still pose many open questions.
We believe that the theoretical framework that we proposed here can account for such variability, allowing predicting the effects of mucilages with varying viscosity and surface tension. The concept can also be extended to other biofilms in soils, such as microbial EPS, which show similar physical properties to mucilage.
In conclusion, we propose that by modifying the physical properties of the soil solution plants and microorganisms create a network that mediates flow processes across the rhizosphere. Specifically, by increasing the extensional viscosity of the soil solution and decreasing its surface tension, plant mucilage (and probably microbial EPS) maintains the connectivity of the liquid phase, stretching the boundary of life in soils. The physics of such processes questions paradigms of soils physics, such as the dominant role of capillary and adsorption forces in shaping the liquid configuration in soils.
In the rhizosphere the viscoelastic properties of the soil solution play a more important role and their fundamental physics as well as their implications are not well understood.
